Some optical experiments provide the easiest way to test quantum mechanical predictions. Such a situation applies to a laser beam traversing a dielectric structure. The dielectric structure mirroring quantum mechanical potentials. The simplest of these, studied in this paper, involves a single dielectric block. We exhibit both by analytic and numerical calculations explicit examples of total coherence and total incoherence phenomena. Which case appears depends upon the angle of incidence of the laser beam and/or the dimensions of beam vs block width. Unlike our previous studies our calculations here are three-dimensional, although, with suitable approximations, somewhat simpler planar expressions can be derived.
I. INTRODUCTION
Everything in nature is quantum mechanical at its core but, as the history of Physics teaches us, many processes can be studied through "classical" equations. More specifically with equations that do not involve explicitly (or implicitly as occurs when using natural units) Planck's constant. Examples are Newton's equation, thermodynamic equations, classical field equations and amongst these, of particular interest to us, Maxwell's equations [1] . Maxwell's equations encompass optical phenomena which have a surprising aspect. Under certain conditions [2, 3] , which we recall in the next section, the equations of say the electric field is analogous to the non relativistic Schrodinger equation [4] . The potentials in Quantum Mechanics (QM) are identifiable with dielectric materials with different refractive indices with which the laser interacts. One of the advantages of this fact is that QM effects, probabilistic in nature and valid for massive particle wave packets, can be reproduced, and the theory tested far easier, with optical analog experiments [5] [6] [7] [8] [9] [10] [11] [12] .
In this paper we wish to simulate one of the simplest of all QM potentials, i.e. a square potential. We present both analytic and numerical calculations of a gaussian laser incident upon a single block dielectric. We shall in particular concentrate upon the transmitted beam or beams. It will be shown that in the so-called wave limit, where coherence between individual amplitude terms dominates, a single outgoing laser beam emerges. In the other limit, when incoherence dominates, multiple laser beams are transmitted. We shall calculate both the intensity and position of the first few of these beams. Our intention is to apply these methods to more complex systems, such as twin barrier diffusion and tunnelling [13, 14] . The basic ingredients of our approach will be detailed in this paper. This work differs from some previous papers of the present authors [15] [16] [17] [18] by calculating in three dimensions and by the explicit use of a laser as the light source. This provides for a more realistic theoretical study, closer to laboratory experiments. For some of the analytical calculations we shall make use of the stationary phase method, SPM [19, 20] . We shall demonstrate in detail how our results depend critically upon the laser angle of incidence with the dielectric block.
In the next section we derive the gaussian laser amplitude in three-dimensional free space. In section III we describe the geometry of the laser with respect to a dielectric block corresponding to a QM well. Also in this section we derive the modification to the laser beam within the dielectric. In section IV we derive the transmission and reflection amplitudes for the laser beam (or beams) exiting the dielectric. The method of calculation follows the so called two step approach [15] [16] [17] . This yields an infinite number of contributing amplitudes. We study the conditions for which complete coherence Note that for n > 1, q z * is a real number. Thus, in our setup, for whatever incident angle there are no evanescent waves and hence no tunneling. We have only diffusion in QM terms. This implies that our dielectric block corresponds to a potential well. Now we observe that, after convolution with
where the approximation is justified if we neglect terms of second order in k x and k y and consequently spreading effects. Similarly we find, after using Snell's law sin α = n sin β, q z * ≈ n k cos β − k y tan β cos α .
Using these approximations and the fact that k·r = k * ·r * , the plane wave phase within the dielectric,
can be rewritten as follows
However we should not simply convolute the above plane wave with G(k x , k y ). We have first to calculate the "'step" reflection and transmission amplitudes. Indeed there is a reflected beam at the interface. Nevertheless, if the transmission amplitude at the interface is close to one we can ignore reflection and write
As expected this is seen to represent a laser with principal direction along the z d -axis and with the transverse y d spread increased by cos β/ cos α. This deforms the laser cross section from circular to elliptic. This result can also be directly derived by simple geometry and Snell's law. Our analytic derivation confirms the validity of our approximations which will also be used in later sections.
In the next section we calculate the reflection and transmission coefficients with the method in which entry and exit from the dielectric are treated separately as successive and repeated "step" calculations [15] .
IV. TRANSMISSION AND REFLECTION AMPLITUDES
As we have demonstrated in previous works [16] [17] [18] , the transmission and reflection amplitudes both in Optics and QM can be built up by successive applications of the "step" analysis at dielectric or potential discontinuities. In this case at dielectric interfaces. The general z * solutions, be they oscillatory or evanescent, are constrained by applying continuity to the amplitude and its first derivative in z * .
This procedure is repeated ad infinitum for multiply reflected amplitudes. The final "formal" transmission and reflected amplitudes are obtained by summing the appropriate series. However if, for example, incoherence dominates between successive contributions then the individual terms are more relevant than the formal sum. In numerical calculations, which involve the convolution function and the plane wave as well, we must work, in general, with the summed amplitudes to reproduce any, even partial, coherence phenomena. Our two-step calculations are one-dimensional, z * , and perfectly recall those of QM. 
Step Analysis
The above trilogy of figures are those relevant to a plane wave impinging upon a dielectric block. In the first figure (step 1 → n) R 1 is the reflected amplitude and T 1 the transmitted amplitude within the dielectric for an incident plane wave of unit amplitude. The continuity equations when solved yield
Note that, in accordance with flux conservation [1] ,
The second figure (step n → 1) corresponds to the exiting of the plane wave from the dielectric. Again it is convenient to use a unit normalization for the incoming wave. The results for the reflected, R 2 , and transmitted, T 2 , amplitudes are given by the previous expressions with k z * ↔ q z * and a → a + b,
Again we observe that, as required,
Finally a reflected wave at the second interface, z * = a + b, returns to the first interface, z * = a, and again gives rise to a reflected, R 1 , and transmitted, T 1 , wave. The solution of the continuity equations are now obtained from R 1 and T 1 by k z * ↔ − q z * ,
These amplitudes satisfy
The total transmission and reflection amplitudes can now be built up by repeated multiplication and summation of the reflection and transmission coefficients just given. The figure below gives the first few of these multiple reflection and transmission terms.
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as must be the case when total coherence and a single reflected and transmitted wave in free space occur. However we also find that the sum of the modulus squared of all the contributions to reflection,
and to transmission,
, also sum to one. This result is reasonable since it implies conservation of intensity in the limit of total incoherence. Obviously a similar result must hold for any level of coherence. We recall that the transmission and reflection intensities are crucially dependent upon the degree of coherence. For example, total coherence displays the phenomena of resonance [4] .
V. TRANSMISSION PHENOMENA
In this section we calculate both numerically and with the use of the SPM the exit positions of individual beams for various incident angles of our gaussian laser. For these calculations, we have chosen λ = 633 nm ,
The expression for the transmitted amplitude is, with the approximation described in the text for k z ,
Now, as shown in Table 1 , the dependence of T upon k x is almost negligible. This follows from the fact that all angles are rotations about the x-axis and thus do not involve k x . On the other hand the angles do depend upon k y to first order. Thus we can approximate T (k x , k y ) with T (0, k y ). Furthermore, the use of a sharp gaussian allows us to use
. Consequently the k x integration can be performed analytically, as for the incoming laser, and we obtain
This integral must be performed numerically. In Fig. 2 , we plot the results for |E T /E 0 | versus y for four values of the incoming α. The x-dependence is not plotted because it is the same as the incoming laser beam. We observe that for small α angles a single beam emerges. However, its peak is somewhat displaced w.r.t. the incoming beam (an effect of T ). As α increases, evidence of a secondary beam is seen. For even high α, this beam and others separate and we observe the effect of the incoherent limit of the transmission coefficient. Our curves are calculated directly from the full T , however they of course agree with those calculated from each appropriate transmission term. We exhibit only the first three terms in our plots. In Fig. 3 we plot these same results in a different manner suitable to direct experimental verification. We plot the xy-profile of each intensity for the four chosen α. For these plots we have arbitrarily chosen z = 1 m, however, with the very small spreading in our simulation, the exact value of z (below several meters) is irrelevant. All centers lie upon the x-axis as does the incoming beam profile. However the y values depend upon α. Another way of determining these y values without going through a numerical calculation is by means of the SPM. We must now work with the individual transmission terms since the SPM only yields a single peak position y. The SPM applied to an expression which involves a sum of peaks yields only the mean value, normally not even coincident with any of the peaks. The SPM involves taking the derivative of the argument of the phase of a peaked function assuming it more relevant to the peak's position compared to the modulus of the amplitude. Now the phase of our amplitudes take the form
where f (k y ) is a function of k y (independent of any y dependence). The function f is calculated below. The SPM then says that the peak occurs where
Consider, the first leading transmission amplitude term T 1 T 2 , the phase is
to which, we must add the plane wave phase e ikyy . Thus in this case, f (k y ) = (q z * − k z * ) b. Before deriving w.r.t. k y this function, we recall that
Hence, for the first transmission term, the exit point is
The linear dependence upon b is obvious because of geometry, indeed this expression and those below are also derivable by pure geometry. Repeating this procedure for the m-th peak (m = 1 being the first), we must include the phase of (R 2 R 1 ) m−1 . This yields
In particular, the resulting values of the peaks for α = π/3 are y (m) = − (2 − m) b / √ 3. These agree very well with the center positions plotted in Fig. 3 . The integrated power P of each outgoing laser beam relative to the incoming beam power is given by
For the calculation of the separate laser terms it is sufficient to use the following approxiamtions
These are valid for small k x,y . For example, for the particular case of an incident angle α = π/3 and for a refractive index n = √ 3 (for which we have a diffusion angle β = π/6),
Hence the first three laser transmission beams have the following relative powers
This result is in excellent agreement with the numerical results obtained from Eq. (16) and shown in Fig. 3 .
VI. CONCLUSIONS
Our principal objective in this paper is to develop the formalism, conventions and approximations for the interaction of a gaussian laser beam with dielectric structures. We emphasize in particular the dominant role played by the momentum perpendicular to the dielectric block, z * component, and in general to any stratified dielectric system. This result draws a strong analogy with onedimensional non-relativistic QM. Indeed we have noted in the text that our system corresponds to a QM well potential. The numerical and other calculations displayed in this work invite experimental confirmation. It is particularly interesting to note the conditions for coherence and incoherence in this study and compare them with those of one-dimensional QM. In QM we deal with time dependent wave packets and coherence requires the size of these wave packets to be large w.r.t. the well size. In this work the analogy is the separation in the y-variable of laser beams. For this optical study, coherence can be achieved not only by increasing the laser beam size w.r.t. the block depth b so that overlap occurs between outgoing beams, but also by reducing the incident angle α. This also leads to overlap of individual terms since the separation of the y exit points is reduced, for any fixed laser size, by decreasing α. We have calculated the various y values for incoherence, both by the SPM and numerically and found complete agreement. They remain, of course, to be confirmed experimentally.
We have also calculated, for various incident angles α, the outgoing incoherent beam intensities and profiles. A more complex and interesting situation occurs if we consider a dielectric slab cut diagonally, see the figure below.
The dielectric-air-dielectric system now mimics a potential barrier and in addition to diffusion we encounter tunneling. Tunneling still holds a number of theoretical conundrums notwithstanding its practical importance in technology such as in the tunneling microscope. It seems that technology has leap-frogged theory in this case. For example, there is still discussion in the literature about tunneling times [23] [24] [25] and possible superluminal velocities [13, 14] . Another theoretical conundrum is that for tunneling, our series calculation (two step method) yields a non convergent sum. Transmission seems always to be coherent, independent of the barrier/wave packet ratio. In the optical analogy, we pass from diffusion to tunneling by simply varying the incident angle. Tunneling occurs when ϕ > β critical = arcsin(1/n).
Let us rapidly recall some of the contents of the previous sections. We started by representing the analytic function of a gaussian laser [22] and consequently extended our studies to 3-dimensional optics. We also extended this analysis to the laser beam within the dielectric. We then presented the optical analogy of a QM well problem and derived both by numerical and approximate analytic methods, SPM [20] , the exit points from the dielectric block of the laser beam or beams for various incidence angles. We have calculated the intensities of the first few incoherent terms (beams) in the transition amplitude for a realistic experimental setup.
Finally, in this section, we have outlined a structure suitable for investigating both diffusion and tunneling again dependent upon the incident angle. Another more complex structure would be the optical analogy of twin barrier tunneling [16] which, as known, exhibits the extraordinary phenomena of resonant tunneling [9, 26] . These structures will be the subject of a subsequent report. Fig. 2 . The outer curve corresponds to an intensity density of 0.01 compared to the intensity of the incident peak, the second curve, where it exists, corresponds to 0.05, the third to 0.4 and the fourth to 0.8. For each beam, we also give the numerical value of the integrated relative power P rel expressed in Eq. (16).
